OBJECTIVES: To investigate the effects of aerobic training, resistance training, or both on abdominal subcutaneous fat (subcutaneous adipose tissue (SAT)) (deep and superficial), visceral fat (visceral adipose tissue (VAT)), apolipoproteins A-1 and B (ApoA-1, ApoB), ApoB/ApoA-1 ratio and high-sensitivity C-reactive protein (HSCRP) in post-pubertal adolescents with obesity. PARTICIPANTS: After a 4-week supervised moderate-intensity exercise run-in period, 304 postpubertal adolescents with overweight (body mass index (BMI) ⩾85th percentile for age and sex+diabetes risk factor) or obesity (⩾95th BMI percentile) aged 14-18 years were randomized to four groups for 22 weeks (5 months): aerobic training, resistance training, combined training or a non-exercising control. METHODS: This study used a randomized controlled design. All groups received dietary counseling designed to promote healthy eating with a maximum daily energy deficit of 250 kcal. Abdominal fat (SAT and VAT) at the level of the fourth and fifth lumbar vertebrae (L4-L5) was measured by magnetic resonance imaging and ApoA-1, ApoB and HSCRP were measured after a 12-h fast at baseline and after 6 months. RESULTS: Changes in SAT at L4-L5 were − 16.2 cm 2 in aerobic (P = 0.04 vs control), − 22.7 cm 2 in resistance (P = 0.009 vs control) and − 18.7 cm 2 in combined (P = 0.02 vs control). Combined training reduced ApoB levels from 0.81 ± 0.02 to 0.78 ± 0.02 g l -1 (P = 0.04 vs control) and ApoB/ApoA-1 ratio from 0.67 ± 0.02 to 0.64 ± 0.02 (P = 0.02 vs control and P = 0.04 vs aerobic). There were no significant differences in VAT, ApoA-1 or HSCRP levels between groups. CONCLUSIONS: Aerobic and resistance training and their combination decreased abdominal SAT in adolescents with obesity. Combined training caused greater improvements in ApoB/ApoA-1 ratio compared with aerobic training alone.
INTRODUCTION
The high prevalence of abdominal obesity (18%) in US children and adolescents aged 2-19 years 1 is of particular concern given the strong relationship between increased abdominal fat and cardiovascular disease (CVD) risk factors in youth. 2 Specifically, higher levels of visceral adipose tissue (VAT) 3, 4 and in the deep layer of the abdominal subcutaneous adipose tissue depot (SAT) 5, 6 are associated with a more adverse cardiometabolic risk profile.
Elevated high-sensitivity C-reactive protein (HSCRP), a marker of inflammation, is associated with obesity 7-9 and low fitness levels in youth with obesity 10 and has emerged as a strong independent non-traditional CVD risk factor. 11, 12 Apolipoproteins A-1 and B (ApoA-1 and ApoB) have important roles in lipid metabolism and are known as independent predictors of ischemic heart disease in adults. 13 The multinational INTERHEART study found that ApoB/ApoA-1 ratio was the single greatest differentiator between myocardial infarction cases and controls, accounting for 49.2% of population attributable risk of myocardial infarction after adjustment for all other measured risk factors, 14 far more than accounted for by traditional lipids in the same study. 15 In a recent meta-analysis, 16 HSCRP (relative risk (RR): 2.43, 95% confidence interval (CI): 2.10-2.83), ApoB (RR: 1.99, 95% CI: 1.65-2.39) and ApoB/ApoA-1 ratio (RR: 1.86, 95%CI: 1.55-2.22) emerged as three non-traditional biomarkers associated with the greatest risk of CVD in populations without pre-existing CVD (risk applies to top vs bottom tertile).
Aerobic exercise (for example, jogging, elliptical training, skipping and so on) and resistance exercise (use of free weights, weight machines and so on) have been shown to reduce body fat in adolescents. 17 However, to our knowledge no study has examined which exercise training modality is most effective at reducing both abdominal fat and associated non-traditional CVD risk factors such as HSCRP, ApoB and the ApoB/ApoA-1 ratio in adolescents with obesity. Understanding the changes in abdominal fat distribution and associated non-traditional CVD risk factors following exercise training could provide insights into the value of aerobic and resistance exercise in cardiometabolic disease risk reduction in youth.
The purpose of this study was to investigate the effects of aerobic training, resistance training and their combination on abdominal fat (superficial SAT, deep SAT and VAT), HSCRP, ApoA-1 and ApoB levels and the ApoB/ApoA-1 ratio in post-pubertal adolescents with obesity. This study is the first to examine the separate and combined effects of aerobic and resistance exercise training modalities on both deep and superficial abdominal SAT in adolescents with obesity. This paper investigates abdominal fat distribution and non-traditional CVD risk factors as secondary outcomes of the Healthy Eating Aerobic and Resistance Training in Youth (HEARTY) randomized controlled trial, which has been described in detail elsewhere. 18, 19 We hypothesized a priori that aerobic and resistance exercise training would each reduce abdominal fat, HSCRP, ApoB and ApoB/ApoA-1 ratio, and combined aerobic and resistance training would do so to a greater extent than either modality alone. In this article, we also examined the non-prespecified hypothesis that combined training would reduce each of these compared with a sedentary control group.
MATERIALS AND METHODS Participants
After a 4-week run-in period to assess adherence, 304 inactive postpubertal adolescents with body mass index (BMI) ⩾85th percentile for age and sex, aged 14-18 years were randomized into four groups for 22 weeks (weeks 5-26): (1) aerobic training (aerobic, n = 75), (2) resistance training (resistance, n = 78), (3) combined aerobic and resistance training (combined, n = 75) or (4) non-exercising control (control, n = 76). The majority (92.7%) had obesity (⩾95th percentile for age and sex); those in the 85-94th percentiles were required to have at least one cardiometabolic risk factor aside from obesity. 18 All participants provided informed consent. If a participant was below the age of 16 years, a parent or guardian was asked to co-sign the consent form. This study was reviewed and approved by Research Ethics Boards of the Children's Hospital of Eastern Ontario and the Ottawa Hospital, Canada. Recruitment started on 1 March 2005, closed on 30 April 2010 and the final follow-up visit was in May 2011.
Study overview
The HEARTY exercise intervention program has been described in detail elsewhere. 18 Briefly, after a 4-week run-in diet and exercise run-in period, participants were randomized for the next 22 weeks to aerobic training (aerobic), resistance training (resistance), combined aerobic and resistance training (combined) or a non-exercising control group (control). Participants in all four groups were given guidance on healthy eating by a registered dietitian, which, if followed, would result in a small daily energy intake restriction of 250 kcal below requirements for weight maintenance. Resting metabolic rate measurements at baseline (before starting the run-in program) were used for the dietitian to determine energy needs. Visits with the dietitian occurred at baseline, 3 and 6 months, with additional support provided by phone at 6 weeks and 4 months. Energy intake was assessed using a 3-day food log at baseline, 3 and 6 months, which was also used by the dietitian to teach diet adequacy and identify energy-dense foods and those of poor nutritional value. The 3day food logs included two weekdays and one weekend day on each occasion. The food logs were analyzed with food composition analysis software (The Food Processor SQL 2006, ESHA Research, Salem, OR, USA) to determine total energy intake and separate macronutrient intake.
Run-in period
All participants initially entered a 4-week run-in program of low volume, moderate-intensity combined aerobic and resistance training aimed at orienting participants to the exercise programs and assessing adherence. During run-in, participants exercised four times per week for 4 weeks at an aerobic intensity of 65% of their pre-determined maximum heart rate for 15-30 min per session, and performed 1-3 sets of seven exercises at 15 repetitions maximum for the resistance exercise component.
Randomization
Participants who maintained ⩾ 80% adherence during run-in were randomized to one of four groups for 22 weeks (weeks 5-26). A telephone-based central randomization program (IVRS, VBvoice v5.3, Pronexus, Ottawa, Canada) was used. Randomization was in permuted blocks, stratified by sex and degree of overweight (85th-94th percentile vs ⩾ 95th percentile). The research coordinator and investigators were blinded to group assignment.
Intervention
Participants who were randomized to one of the three exercise groups exercised four times per week at local YMCAs and Nautilus Plus gyms in the Ottawa/Gatineau, Canada region. Exercise was directly supervised by personal trainers twice weekly during the run-in period, weekly from randomization to 3 months, and biweekly from 3 to 6 months. The exercise specialist monitored attendance and appropriate progression by reviewing the sign-in sheets, electronic scanning of membership cards (scanned each time participants entered the gym) and reviewing exercise logs participants completed every time they went to the gym. Participants in the aerobic group trained on a treadmill, cycle ergometer or elliptical machine at intensities of 70-85% of their pre-determined maximum heart rate for 20-40 min per session for 22 weeks. The resistance group performed 2 to 3 sets of whole-body exercises on resistance machines for 6-15 repetitions at the maximum load possible for that number of repetitions for 22 weeks. The combined group performed both the aerobic component and the resistance component during each exercise session for a maximum of four times per week for 22 weeks. The participants in the control group were asked to revert to their baseline activity levels and were offered a postponed exercise program of their choice, with supervision, after the 22-week intervention period.
Body composition
Weight (kg) and height (cm) were measured using a Health O Meter manual scale (Health O Meter, Continental Scale Corp., Bridgeview, IL, USA). Waist circumference was measured using a retractable ergonomic measuring tape (Seca GmBH & Co Kg, Hamburg, Germany) at the middle distance between the last floating rib and the iliac crest. Body composition was assessed by magnetic resonance imaging (MRI) (General Electric, 1.5 Tesla scanner, version signal 11 with echo speed gradients, Milwaukee, WI, USA) at baseline and at 6 months. The participants lay prone during the acquisition of the 42 to 48 whole-body cross-sectional images using established protocols by Ross et al. 20, 21 The raw MRI data were then transferred to a stand-alone computer workstation to analyze the images using Slice-o-matic software V. 4.3 (Tomovision, Magog, Quebec, Canada) to quantify total and regional body composition. Percent body fat was calculated by multiplying the total fat mass in liters acquired from MRI image segmentation by the assumed constant density for adipose tissue (0.92 kg l -1 ). Abdominal SAT and VAT were quantified in cm 2 at the level between the fourth and fifth lumbar vertebra (L4-L5). Deep and superficial compartments of SAT (deep and superficial SAT) were delineated by the fascia superficialis or Scarpa's fascia at the level of L4-L5.
Apolipoproteins and HSCRP
All baseline, 3 and 6 months, blood measurements were done after 12-h fasted conditions. ApoA-1 and ApoB were measured using immunoturbidimetric assays (Beckman Coulter Unicel DxC600 Synchron Clinical System and Beckman reagents Beckman Coulter, Inc., Brea, CA, USA). HSCRP was measured using highly sensitive Near Infrared Particle Immunoassay rate methodology (Beckman Coulter Unicel DxC600 Synchron Clinical System and Beckman reagents Beckman Coulter Inc.). Participants were scheduled for tests within their last week (week 26) or within 2 weeks (week 27-28) of finishing the intervention phase. For blood measurements, post-testing measurements were conducted under 12-h fast conditions and participants had refrained from vigorous physical activity for at least 48 h before testing.
Statistical analysis
Sample size for our primary outcome (percent body fat) was chosen to ensure 80% power to detect a prespecified effect size of 0.6 s.d. for the least powered planned comparison. We calculated a sample size of 248 participants (62 per group). We performed analyses on an intention-totreat basis. We used linear mixed-effects modeling for repeated measures over time with L4-L5 SAT, deep SAT, superficial SAT, L4-L5 VAT, ApoA-1, ApoB, ApoB/ApoA-1, HSCRP as the dependent variables and effects for time (baseline, 3 months, 6 months), group (aerobic, resistance, combined, control), and time by group interaction as independent variables, with age, and sex as covariates using an unstructured covariance matrix. Within the mixed model, we used 95% CIs and P-values for the intergroup comparisons (aerobic vs control, resistance vs control, combined vs aerobic, combined vs resistance and combined vs control), and for changes in dependent variables within each group over time. We also examined the effects of the exercise interventions with per-protocol analyses in participants who had complete baseline and follow-up data and maintained at least 70% exercise adherence (average of ≥ 2.8 sessions per week) throughout the intervention following the same procedures as in the intention-to-treat analyses. We used SAS version 9.3 (SAS Institute, Cary, NC, USA) for all analyses. Figure 1 presents the HEARTY trial participant flow and reasons for withdrawal. From baseline to 26 weeks, the median exercise training adherence was 62% (interquartile range, 36-81%) in the aerobic group, 56% (interquartile range, 37-75%) in the resistance group and 64% (interquartile range, 39-75%) in the combined group. Seventy-five participants (25%) withdrew between randomization and 6 months: 18 (24%) aerobic training participants, 21 (28%) resistance training participants, 17 (23%) combined training participants and 19 (25%) control participants. Table 1 describes the baseline physical characteristics of the participants and the changes in abdominal fat distribution following the 6-month intervention are presented in Table 2 . Total SAT at L4-L5 decreased within all three exercise groups. Changes in SAT at L4-L5 were − 16.2 cm 2 in aerobic (P = 0.04 vs control), -22.7 cm 2 in resistance (P = 0.009 vs control) and -18.7 cm 2 in combined (P = 0.02 vs control). Abdominal superficial SAT decreased significantly in resistance compared with control (P = 0.03) and combined compared with control (P = 0.03). Abdominal deep SAT decreased in aerobic vs control (P = 0.04). VAT changes did not differ significantly between groups. In perprotocol analyses (see Supplementary Table 1 in the Online Supplementary Material), deep SAT decreased in aerobic (P = 0.03) and combined (P = 0.009) compared with control. VAT decreased from baseline to post-intervention in the combined group only (P = 0.01), without significant differences between groups. Table 3 displays ApoA-1, ApoB, ApoB/ApoA-1 and HSCRP at baseline, 3-and 6-month post-randomization. The combined group had greater reductions in ApoB levels from 0.81 ± 0.02 to Exercise training and risk factors in obese youth AS Alberga et al 0.78 ± 0.02 g l -1 (P = 0.04 vs controls) and ApoB/ApoA-1 ratio from 0.67 ± 0.02 to 0.64 ± 0.02 (P = 0.02 vs control and P = 0.04 vs aerobic) from baseline to 6 months. There were no intergroup differences in ApoA-1, or HSCRP following the 6-month intervention. Per-protocol analyses (Supplementary Table 2 in the Online Supplementary Material) revealed no significant between-group differences in ApoA-1, ApoB, ApoB/ApoA-1 or HSCRP.
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DISCUSSION
The major findings of the current investigation were that aerobic training, resistance training and combined training decreased abdominal SAT and combined training reduced the ApoB/ApoA-1 ratio more than aerobic training alone. However, no significant changes were observed between groups in VAT, ApoA-1 or HSCRP after the 6-month intervention, contrary to our hypotheses. This study also showed that aerobic training decreased abdominal deep SAT compared with the non-exercising control group. Compared with the control group, our results showed decreases in abdominal SAT at the level of L4-L5 in all three exercise groups. These results are consistent with those of a recently published smaller (n = 45) and shorter duration (3 months) randomized controlled exercise trial in male adolescents with obesity aged 12-17 years. 17 In contrast to this study, however, we did not find decreases in VAT in any of the groups (exercise or control) 17 . Lee et al. 17 randomized adolescents with obesity to aerobic training, resistance training or control for a 3-month exercise program three times per week for 60 min per session using similar exercise equipment as the HEARTY trial. The absence of a significant decrease in VAT observed in our study could partly be explained by the fact that our sample was composed of 70% females (n = 213 females) vs 100% males in Lee et al.'s study (n = 45 males). It has been shown that adult males have more VAT than adult females 22 and thus have the potential to exhibit larger reductions in this abdominal fat depot. However, a more recent trial of the same exercise program in female adolescents with obesity showed reductions in VAT (−15.68 ± 7.64 cm 2 ) in the aerobic training group only, not in the resistance training group after the 3-month intervention. 23 This may be explained by the greater exercise adherence in Lee et al.'s trials (~99%), 17, 23 compared with the participants of this study or by Lee et al.'s more intense exercise prescription (40 min at~50% of VO 2peak in week 1 progressing to 60 min at 60-75% of VO 2peak by week 2). When we analyzed the data of only the participants who completed ⩾ 70% of the prescribed exercise sessions (~3 exercise sessions per week equivalent to Lee's study), only the combined group showed within-group decreases in VAT following training but these changes were not significant between groups. When we restricted analysis to males only, we again found no significant decreases in VAT (data not shown).
Although body fat distribution is influenced by genetics, 24,25 the influences of nutrition and hypocaloric diet warrant further study in youth. 26 Although in our study, a dietitian provided dietary counseling with a maximum daily deficit of 250 kcal, these recommendations in addition to the increased energy expenditure associated with our exercise stimulus may not have been sufficient to induce large decreases in weight and consequently in VAT in our sample of adolescents with obesity. Furthermore, in a separate report 27 we showed that resting energy expenditure (which accounts for 50-70% of total energy expenditure in adolescents with obesity) 28 did not change significantly in any group following training.
Although there were significant within-group decreases in deep SAT following aerobic training and combined training, only the subgroup with ⩾ 70% adherence in the aerobic training group had decreases in the deep layer of abdominal SAT compared with control. The deep layer of SAT is characterized by irregular and disorganized fat lobules. 29 Similarly to VAT, deep SAT has been associated with greater cardiometabolic risk than the superficial SAT depot. 5, 30, 31 Our results suggest regular aerobic training could produce reductions in cardiometabolic risk through reductions in the deep SAT depot of adolescents with obesity.
To our knowledge, this is the first randomized controlled trial to investigate the effects of aerobic training, resistance training and combined exercise training on ApoA-1, ApoB and ApoB/ApoA-1 ratio in adolescents with obesity. The results of this study showed that the decrease in ApoB/ApoA-1 ratio was greater in combined training compared with aerobic training alone. However, there were no significant changes in ApoA-1 or HSCRP levels following the intervention. It has been proposed that SAT releases the adipokine interleukin-6, 32 which then stimulates the release of acute phase-protein and sensitive biomarker of systemic inflammation, HSCRP and fibrinogen from the liver. 33, 34 Increased concentrations of interleukin-6, 34 fibrinogen 34,35 and HSCRP 34, 35 have been reported in adolescents with obesity compared with their leaner peers and may have roles in endothelial dysfunction, thrombogenesis and the progression of CVD. 36, 37 Previous interventions with adolescents with obesity have shown reductions 34, 35, [38] [39] [40] or no changes 10, 41, 42 in HSCRP following aerobic exercise training. 34, 35, [38] [39] [40] We are aware of only one other study 43 that evaluated the effects of a 12-week circuit-based combined aerobic and resistance training intervention (two sessions per week of 45-60 min at 65-85% of their pre-determined maximal heart rate) in adolescents. It found that HSCRP remained unchanged in 13-to 14-year-old male adolescents with obesity. Although we previously reported significant decreases in percent body fat in the resistance training group (−1.6%) and in the combined training group (−1.4%) in this trial, 19 the body weight changes were modest compared with studies that have reported much larger decreases in percent body fat (−3.6 to 6.3%) following aerobic training 34, 39 with concomitant decreases in HSCRP levels. 34, 39 Also, the decrease in body fat mass in our aerobic group was not significantly different from control, and this could explain why we did not observe a decrease in HSCRP levels. On average, our participants did not have high HSCRP levels at baseline, another potential explanation as to why we did not observe changes in HSCRP levels through any exercise training modality. Exercise adherence could have been a factor explaining the lack of significant changes in non-traditional CVD risk factors. However, we observed essentially the same results in per-protocol analyses (⩾70% exercise adherence) and intention-to-treat analyses.
Despite a lack of significant changes in VAT, HSCRP and ApoA-1, our findings show that both modalities of exercise training whether performed separately or in combination decreased subcutaneous abdominal fat. However, we show that combined training reduced the ApoB/ApoA-1 ratio more than aerobic training alone in adolescents with obesity. This was due to difficulty in drawing blood from this participant at the baseline visit. a Values for high-sensitivity C-reactive protein were log-transformed for analysis. Geometric means are presented at each time point and for within-group change. The values for between-groups difference in change for this variable represent percentage differences between groups.
